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We argue that if, in order to reverse an object’s dynamics, we need to be able to keep
track of it with enough precision, then there is an upper bound on the size of the object
whose dynamics we can reverse – even using all the available resources of the universe. Using
a bound from the holographic principle and treating the universe as the ultimate quantum
computer, we show that if we want to reverse the dynamics of an object which has evolved
since the beginning of time, its radius cannot exceed ten microns. If this computation is
performed irreversibly, the object must be much smaller. This places a lower bound on the
size of the smallest possible quantum measurement device.
Boltzmann’s derivation of the H-theorem [1], proving the increase in entropy of an isolated gas
whose molecules evolve by collisions dictated by Newtonian dynamics, was famously challenged by
Loschmidt [2]. s Loschmidt argued that, if – at some point – the velocities of all the atoms were
all to be reversed (v to −v), the system would then evolve exactly back to its initial configuration.
The manoeuvre where the velocities (or, in quantum physics, phases [3]) are reversed is now
affectionately known as the Loschmidt echo. If in the forward direction the entropy increases,
then in the backward direction it would have to decrease. With this simple thought experiment
Loschmidt concluded that Boltzmann did not, and in fact could not, prove any entropy increase for
a closed Newtonian system. Boltzmann is rumoured to have replied, “Go ahead and reverse them.”
This witty response is taken to imply that it is actually extremely hard to track molecular
collisions in order to keep account of all the velocities and positions of all the molecules required to
reverse them at some point during the evolution. But what exactly does “extremely hard” mean
and what kind of resources did Boltzmann actually have in mind?
First of all, it is clear that if you are just given the state of, say, a mole of gas at some time and
are asked to reverse all the velocities, this would require you to know all the positions of all the
particles as well as their velocities (classically speaking). Then you could carefully position tiny
walls which would bounce each of the particles so that the action exactly reverses their velocities.
This kind of ability is akin to what Maxwell imagined when he invented his demon to (try to)
violate the Second Law [4]. This may sound like a tall order, but what if the demon was to keep
track of the evolution of the gas from the beginning and then at some point decide to act to reverse
each collision? Keeping track of all the collisions might not be that hard, which was precisely
Maxwell’s point.
Here, we quantify how hard it would be to keep track of the (simplified) dynamics of a system
by treating the universe as the ultimate quantum computer and using all of its available resources
– space, time and energy – to achieve this task. To derive the ultimate bound on the size of the
system and the amount of time its dynamics could be followed and recorded faithfully, we appeal
to the holographic principle (that the the information capacity of a volume of space is proportional
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2to its surface area) [5–7] and view the universe as the ultimate quantum computer [8, 9]. According
to this, the maximum number of bits IS required to describe an object of radius rS is
IS =
(
rS
lP
)2
, (1)
where lP is the Planck length ∼ 10
−35 m [10, 11]. Imagine that we need to keep track of this many
bits for a duration t. If we assume that time ticks with a period of Planck’s time tP ∼ 10
−44 s [11],
then the bits describing this object could in principle change their state at this rate. The total
amount of information IT is then
IT =
t
tP
(
rS
lP
)2
. (2)
This amount must not exceed the total amount of information in our (visible) universe (radius rU )
which is equal to
IU =
(
rU
lP
)2
(3)
from which we obtain
IT =
t
tP
(
rS
lP
)2
≤ IU =
(
rU
lP
)2
. (4)
Solving for rS we obtain
rS ≤ rU
√
tP
t
. (5)
Let us now take t to be the present age of the universe (∼ 13.8 GYr [12]). This leads to rS ≤
∼ 10−5 m. The biggest object whose dynamics we can track to the maximum level of detail for
the duration of the entire evolution of the universe thus far therefore has a size of the order of ten
microns.
Interestingly, we can arrive at the same conclusion by another computationally motivated ar-
gument. The energy required to flip a bit at the rate of tP is of order h/4tP = ∼ 10
9 J [8]. The
total energy in the universe can be taken to be mUc
2 where the mass of the universe is taken to
be mU = 10
53 kg [13]. The total number of bits we can therefore flip in Planck’s time using the
total available energy in the universe is therefore about 1060. By using the holographic argument,
the size of the object with this many bits is
1060 =
(
rS
lP
)2
, (6)
which gives us the same result of order ten microns.
The arguments here assume that the tracking is done reversibly. Imagine that the bit flips are
irreversible and require a resetting energy of kT ln 2 per bit [14–19], where T is assumed to be on
the order of the cosmic microwave background temperature of the universe (∼ 3 K [20]) and k is
Boltzmann’s constant. Then, using all the energy of the universe, the largest number of bits we
could possibly reset is 1092. So if we reset at each Planck time step for the entire duration of the
evolution of the universe thus far, this will mean that the number of such bits is 1033. From the
Holographic bound, this corresponds to an object whose radius is about a tenth of an attometer
(10−19 m). As expected, the irreversible way of computing leads to much less efficient tracking,
and therefore to a much smaller object whose dynamics could, even in principle, be reversed.
3A few comments are in order. It could well be that we only want to reverse a particular aspect
of the system, and hence do not need to go down to the Planck length and time degrees of precision.
This is fine; our bounds can be adjusted to take into account less precision which will obviously
lead to correspondingly larger systems that we could reverse using the universe as a computer.
Secondly, any inefficiency in our computation (such as using irreversible gates) can only make this
task harder. Here, we are optimistic in assuming kT ln 2 units of energy per bit reset, but this is
the ultimate limit of irreversible computation – current computers are at least five or six orders of
magnitude away from this limit [21, 22].
Finally we note that Niels Bohr emphasized that no phenomenon can truly be a phenomenon
until it is irreversibly amplified (i.e. recorded in a large enough system) [23, 24]. Then, following
from the above, no object smaller than ten microns can ever safely be assumed to be a proper
quantum measurement apparatus, since it is within the ultimate physical limits of reversibility.
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